Abstract Halogenated methanes produced in the oceans are important as carriers of chlorine, bromine, and iodine into the atmosphere. There they play roles in the regulation of ozone in the stratosphere and perhaps in the Arctic troposphere at polar sunrise. While the mechanisms for the production of some polyhalogenated compounds by marine macrophytes have previously been substantially elucidated, the same has not been true in the case of marine phytoplankton. We describe laboratory experiments on the production of various brominated and iodinated compounds ) was grown in sufficient quantifies to allow the identification of a bromoperoxidase enzyme, which is assumed to be responsible not only for the CHBr3 and CH2Br 2 production but also for CH212 which was measured in those cultures. Chloroiodomethane was produced, either directly by the algae or by a photochemical reaction of CH2I 2. One Navicula species (CCMP 545), found to produce CH2I 2 and CH2Cll , was shown to possess an iodoperoxidase. Bromoform and dibromomethane were not detected in cultures of this species. Other compounds produced in certain of these non axenic cultures included methyl and ethyl iodide, and bromoiodomethane.
Introduction
Halogenated methanes produced in the oceans are important as carriers of chlorine, bromine, and iodine into the atmosphere. Those with longer atmospheric lifetimes such as methyl chloride and bromide are able to carry the halogens into the stratosphere where they are involved in the natural regulation of ozone concentrations [Molina and Rowland, 1974; Wofsy et al., 1975; Solomon et al., 1994] . Those with shorter lifetimes can, in some cases, affect tropospheric chemistry, for example, by acting as a source of bromine atoms [Bartie et al., 1988] , or, in the case of the iodine compounds, play an important role in the transfer of iodine from the oceans to the terrestrial environment. When intense convection occurs in the troposphere, even the short-lived compounds can be transported to the stratosphere [e.g. Kritz et al., 1993] ; furthermore, low concentrations of iodine could exert a potentially significant role in the lower stratosphere on account of its predominant speciation as the free radicals, I and IO [Solomon et al., 1994] .
It has long been known that marine macrophytes (seaweeds) produce a wide range of halogenated compounds, some of them volatile [Fenical, 1981; Gschwend et al. 1985;  Copyright 1996 by the American Geophysical Union.
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0148-0227/96/96JC-01248509.00 Nightingale et al., 1995] . Only rather recently has clear evidence been provided for the production of volatile halogenated organic compounds by some species of marine microalgae (phytoplankton) [Sturges et al., 1992; Tokarczyk and Moore, 1994; Tait and Moore, 1995] . The significance of phytoplankton as producers is that they have an ocean-wide distribution, unlike macrophytes which are largely confined to the coastal zone. All of the diatoms chosen for this study are Arctic diatoms and were chosen primarily due to the strong correlation observed in the Arctic between tropospheric ozone loss and organic bromine in the troposphere [Barrie et al., 1988] .
In this paper we describe experiments which demonstrate the production, in unialgal laboratory cultures, of a range of halogenated methane compounds, notably bromoform (CHBr3), dibromomethane (CH2Br2), dibromochloromethane (CHBr2C1), diiodomethane (CH212), and chloroiodomethane (CH2ClI). Gas Chromatograph Mass Spectrometer, GC-MS, measurement of headspace gases from some plankton cultures did provide information on a number of other compounds, including methyl chloride (CH3C1), methyl bromide (CH3Br), and bromoiodomethane (CH2BrI), which were not covered by our normal technique of analyzing liquid samples by GC with electron capture detection. We also show that in the diatom species investigated, haloperoxidases are present and are probably involved in the biosynthesis of certain of these compounds. The experiments used Pyrex glass vessels (600 mL) which were filled, leaving a headspace of approximately 100 mL, with f/2 enriched Sargasso Sea water [Guillard, 1972] , autoclaved, and cleared of volatiles by sparging with ultra pure air enriched with CO2. They were inoculated with small aliquots (appoximately 2 mL)of monoalgal cultures in a sterile hood using a glass syringe and wide-bore needle. The inocula were at mid-logarithmic growth stage. The concentration of CO 2 in the gas mixture was approximately 900 parts per million (ppm) checked at the beginning of the experiment with the use of an infrared (202 analyzer. The pH of the cultures was monitored during the course of the experiments, it started at about 7, and at no time did it exceed 8.5.
After inoculation, algae and medium were purged with a low flow of the air/CO2 mixture for a further 24 hours. Time zero samples were then withdrawn for cell counts and halocarbon analyses, and the culture vials were sealed using stainless steel (Swagelok) fittings. All species, except when irradiance conditions are specified to be different, were cultured for GC analysis in a laboratory incubator at 6øC.
Continuous cool white light at 12 gmol quanta m -2 s -1 was used as deemed appropriate for high latitude algae. In one experiment, Porosira glacialis and Nitzschia sp. were cultured for GC-MS analysis in 40 gmol quanta m '2 s -1 of continuous cool white light. In addition to the algal cultures, a sample of medium with no algal inoculation was kept as a control in an identical flask and treated in the same manner as the algae.
Twice each week the cultures were sampled for algal cell concentrations and halocarbons. The culture vessel was first gently swirled to mix the contents, then the air/CO2 line was connected and the vessel slightly pressurized to prevent contamination by laboratory air during sampling. A sample of approximately 2 mL was removed for cell counting using a glass syringe and a 20-cm-wide bore steel needle. Cell counts were done on 10-gL samples using a Fuchs-Rosenthal grid within 6 hours of collection. Duplicates were counted, and if they were not within 10% of each other, quadmplicates were counted. After the cells had settled in the culture vessel a further 8 mL was withdrawn for Gas Chromatograph-Electron Capture Detector, GC-ECD, analysis, and the vessel was resealed.
Unfiltered samples (5 mL) were injected into a glass purge vessel of a Tekmar LSC 2000 purge and trap system and purged with helium (40 mL min -1) for 5 min at 40 ø C.
Halocarbons were trapped on a Tenax trap at room temperature and water vapor was removed by flushing the trap with the flow of helium for a further 2 minutes. Next, the trap was preheated to 180øC at which point the He carrier gas stream was diverted through the trap at 7 mL min 'l and desorption Samples of laboratory purified distilled water were analyzed between successive algal samples in order to eliminate the possibility of cross contamination and at the beginning and the end of a daily series. Standards were prepared by serial dilution of the pure compounds; in the first step the dilution of the compounds into methanol was checked gravimetrically. Concentrated standards were stable for a few months. A working standard was prepared daily by dilution of a methanol solution with the laboratory purified distilled water, and small aliquots (2-8 [xL) of this were injected through a septurn port into the purge vessel containing prepurged medium. Detection limits and precisions of the analyses (based on measurements of standards) were CHBr3, 0.11 pM, precision, 4%; CH2Br2, 0.04 pM, precision, 2.2%; CH2ClI, 0.02 pM, precision, 0.8%.
In one experiment gas samples were also collected for G ( For the Navicula sp. (CCMP 545), 5 g of the algae was homogenized and partially purified on a DEAE Sephacel column as above. The supematant was tested for brominating activity as above and also tested for iodoperoxidase activity as measured by the triiodide formation [Alexander, 1962] . The assay mixture was l0 mM in KI, 0.1 nM in H202, and 100 mM in potassium phosphate (pH 6.7). Addition of the enzyme started the reaction which resulted in an increase in absorbance at 350 nm due to the formation of I•.
Results and Discussion
The findings of these experiments will be presented starting with the products of the Nitzschia sp. (CCMP 580), Nitzschia arctica, and Porosira glacialis cultures which were characterized by brominated dihalomethanes and trihalomethanes. Next, the results of the Navicula cultures will be discussed. It will subsequently be shown how the product patterns may be related to the enzyme systems of the respective algae. One of the species, Nitzschia seriata, was not seen to produce any of the polyhalogenated halocarbons examined here. Table 1 summarizes which diatoms were observed to produce which compounds. However, one must keep in mind that the absence of the production of a specific compound in our laboratory experiments does not exclude that production under other conditions.
The 
Dihalomethane and Trihalomethane Production
In the case of one of the Nitzschia species, N. seriata, no halocarbon production was observed (not shown). For the other two species of Nitzschia and for Porosira glacialis, CHBr3 was the predominant halocarbon product followed by CH2Br 2 (Figure 1) . CHBr2C1, not shown, was measured at typically 20 times lower concentrations than CHBra, with maximum concentrations of approximately 90 pM at higher light levels and approximately 30 pM at the lower irradiance. For all of these compounds, concentrations started at control levels, increased during the growth of the culture, and then maintained almost constant high levels or in some instances decreased. Two reasons may be offered for declines in concentration. There is some loss of volatile compounds during sampling when the headspace was briefly flushed with high purity air and removal of larger amounts of material in the set of cultures used for GC-MS analysis (identified in Figure 1 as the experiment with higher irradiance levels). Such losses would have to be combined with relatively low production rates at this stage of the culture.
As well as producing dibromomethane and tribromomethanes, the Nitzschia arctica, Nitzschia sp.
(CCMP 580) and Porosira glacialis cultures showed the presence of CH2CII at levels up to 1000 pM (Figure 2) . The Nitzschia sp. culture also showed clear evidence for production of CH212, with concentrations of up to 3500 pM being measured (Figure 2 ). There are several possibilities for the source of the CH2CII. One is that it is produced directly by the organism; a second is that it is produced by reaction of yes means significant quantities of the compound or enzyme were produced and differed substantially from the control treatment.; -means either insignificant quantities were produced or it was not possible to say that the quantities were substantially different from the control treatment. This does not mean that these organisms are unable to produce this compound or enzyme; b means that a bromoperoxidase enzyme was found; .i means that an iodoperoxidase enzyme was found; nt means that these organisms were not tested for this compound or enzyme. CCMP is the Provasoli-Guillard Center for Culture of Marine Phytoplankton Collections. ,' -, reported, however, that a bromoperoxidase is also able to oxidize chloride, albeit at a very slow rate [Soedjak and Butler, 1990 ]. These enzymes generally will oxidize first iodide, followed by bromide then chloride, dependent on the specific activity and Km for the halide, as well as their pH optimum. Two pathways have been postulated by which brominated compounds are produced by seaweeds. Theiler et al. [1978] demonstrated production of CHBr3 and CH2Br 2 when a bromoperoxidase isolated from the macrophyte Bonnemaisonia hamif era was allowed to react with ketoacids. Bromination of ketoacids will yield a number of unstable intermediates which decay via the haloform reaction to form CHBr 3 and CH2Br 2, and it was proposed that this reaction also occurred in the plant. It follows that when a bromoperoxidase is present in a macrophyte, mixtures of chlorinated, brominated and iodinated compounds will be formed. If, however, an iodoperoxidase is present in a seaweed, mainly iodinated and maybe some brominated compounds will be produced.
Wever et al. [1991] have suggested that some seaweeds produce HOBr directly and that this compound will diffuse into seawater and react with organic materials such as humic and fulvic acids and yield volatile brominated compounds.
Considering the prime role these peroxidases play in the biosynthesis of several volatile halogenated compounds, the presence and nature of these enzymes were investigated for two of the phytoplankton species, Nitzschia sp. (CCMP 580) and Navicula sp. (CCMP 545). While the algal cultures were not axenit, the enzyme extraction procedure which was used will not break up the bacteria, and they will be spun down during centrifugation. The Nitzschia species tested was found to have a bromoperoxidase, and the enzymatic activity of the partially purified enzyme was characterized. When the MCD assay was carded out to determine the brominating activity, it was observed that at 1 mM H202, the absorbance decrease at The effect of Br' concentration on the rate of enzymatic bromination was also studied and showed that a fairly high concentration of Br' was required to obtain the maximal rate of the reaction. A Km for Br' of about 35 mM was found. For the bromoperoxidase from the green algae P. capitams the affinity for Br' is also low, in comparison with the Km for vanadiumcontaining bromoperoxidases which can range from 0.02 to 12.7 mM [see Wever et al., 1988] . In order to test whether the partially purified bromoperoxidase from the Nitzschia contained a heme as a prosthetic group or is a vanadium bromoperoxidase, the enzyme was inactivated at a low pH (see materials and methods), and then vanadate was added at a neutral pH. For a vanadium peroxidase, this treatment will result in total recovery of the brominating activity. However, recovery was not observed. This shows it is not a vanadium bromoperoxidase but is probably a heme-containing peroxidase. The susceptibility of the enzyme to high H202 concentrations would support this. That the Nitzschia contains a bromoperoxidase is in line with our observation that this culture produces a suite of brominated methanes which are similar to those produced by many macrophytes [Gschwend et al., 1985] .
Bromoperoxidase activity could not be detected in the Navicula species, but the microalga was found to contain an iodoperoxidase (see Methods section). Due to a limited amount of material, the iodoperoxidase could not be characterized further than showing its presence.
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This is the first time that either bromoperoxidase or iodoperoxidases have been reported in any marine phytoplankton. In view of the known relationship between the presence of such enzymes in seaweeds and their production of polyhalogenated compounds, it is very likely that the production of CHBr3 and CH2Br2 by Nitzschia sp. (CCMP 580)and probably by Nitzschia arctica and Porosira glacialis is due to the action of bromoperoxidases. Since a bromoperoxidase is capable of oxidizing iodide, CH2I 2 and CH2BrI cbuld be produced by similar mechanisms. The distinct suite of compounds produced by Navicula sp. (CCMP 545) can be attributed to its containing an active iodoperoxidase. The presence of CH2ClI found in the cultures of all of these organisms could be due either to direct production by the organisms, or to a light catalyzed reaction between CH212 and CI'. This is supported in the experiment with Navicula sp. (CCMP 545) (Figure 3) . For the last 2 days of the experiment, the control (medium only) and Navicula sp. vessels were kept in the dark. During that time, the concentration of CH2I 2 increased more rapidly, while production of CH2ClI slowed. We limited this dark period to 2 days to minimize other effects to the cells.
It should be noted that our experiments suggest that phytoplankton belonging to the same genus do not necessarily produce the same halocarbons. Thus neither Nitzschia seriata nor Navicula sp. (CCMP 546) yielded brominated or iodinated compounds characteristic of haloperoxidase reactions.
Effect of varying light intensity
In a pair of experiments on Nitzschia sp. (CCMP 580) and Porosira glacialis employing different light levels, it was observed that for CH2Br2 and CI-IBr2C1 there appeared to be higher concentrations produced in the cultures with a higher level of illumination. This cannot be simply due to differences in the concentrations of cells, since in the case of Nitzschia sp.(CCMP 580), the cell densities were actually greater in the low light experiment, while in the case of P. glacialis the cell densities were similar in the two experiments. For CHBr3, when the cell abundances are taken into account (Figure 1 ), it appears that for both species, CHBr3 production was enhanced by high light levels.
These observations may be explained on the basis that the brominated compounds are products of bromoperoxidase enzymes which utilize H202 as one substrate. H202 is commonly associated with metabolism in many types of algae and in other marine microorganisms [Cooper and Lean, 1992] . In the cyanobacteria Anacystis nidulans, H20 2 has been shown to be produced in greater quantities at higher irradiances, probably through the photosynthetic generation of excess reductant . Similarly, Wever et al. [1991] observed that in the brown seaweed Ascophyllurn nodosurn, light had an effect on the production of halogenated products by the intact plant. Increasing the illumination resulted in large increases in the amount of halogenated compounds formed. This phenomenon is probably related to an increase in the generation of H202 during photosynthesis. That light may also affect the yield and perhaps the nature of halogenated products was also observed by Collen et al. [1994] . While different organisms have different patterns of H202 production, [Stevens et ai., 1973] , it is consistent with abiotic photochemistry that photosynthetic organisms would all tend to have greater H20 2 production under increased irradiance [Cooper et al., 1988] . This could account for these observed differences between the experiments at different light intensities. 
Methyl

Methyl Halides
The GC-MS experiments also showed that methyl chloride and bromide were produced in all the cultures that were measured. It follows that the mechanism for their production is independent of that for polyhalogcnatcd compounds such as CI-IBr 3. It should also be noted that mechanisms proposed for the operation of haloperoxidases [e.g., Beissner et al., 1981] do not yield methyl halides (CH3X). The reader is refe, rred to Tait and Moore [1995] for a discussion of methyl chloride production in phytoplankton cultures.
Conclusions
The compounds CHBr3 and CH2Br2 have been shown to be produced by the marine diatoms, Nitzschia sp. (CCMP 580), Nitzschia arctica, and Porosira glacialis grown in laboratory cultures. Testing one of these species, Nitzschia sp. (CCMP 580), revealed that it possessed a bromoperoxidase enzyme to which we attribute the organism's brominating ability. The same species produced the iodinated compounds, CH212 and CH2CII. In contrast, one species of Navicula (CCMP 545) produced the same two iodinated compounds but no detectable CHBr 3 or CH2Br2; this organism was found to contain an iodoperoxidase enzyme.
While the existence of haloperoxidases in macrophytes is well established and can account for their production of polyhalogenated methanes, this is the first time that similar Methyl iodide was measured at significant levels only in a culture of Nitzschia sp. (CCMP 580), and its formation does not show any link with the presence of haloperoxidase activity. Ethyl iodide was seen at significant levels in Nitzschia sp. (CCMP 580)and Porosira glacialis cultures and was found at similar levels in the culture of the diatom, Odontella mobiliensis, that showed no evidence for polyhalogenated compounds (e.g., CHBr3).
GC-MS measurements which confirmed the identity of the polyhalogenated species also showed that methyl chloride and bromide, though not quantified, were present in every culture that was examined. It appears that the production of all the monohalogenated compounds occurs by mechanisms different from those for polyhalogenated compounds and independent of haloperoxidases.
